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Ionized nitrogen molecules (15N+2 ) are used as efficient point sources for creating NV
− pairs in
diamond with nanoscale spatial separation and up to 55 kHz magnetic coupling strength. Co-
implantation of 12C+ increased the yield of pairs, and a 13C-depleted diamond allowed 0.65 ms
coherence times to be obtained. Further coupling to a third dark spin provided a strongly coupled
three spin register. These results mark an important step towards realization of multi-qubit systems
and scalable NV− quantum registers.
PACS numbers: 76.30.Mi, 61.80.Jh, 03.65.Yz,
The realization of cost effective poly-qubit registers has
the potential to change modern society. Quantum pro-
cessors are expected to outperform the best known algo-
rithms operating on classical machines, allowing certain
untenable problems to be carried out, like factorization
of large numbers. Some solutions would undermine the
current basis of information security, while others would
extend the reach of computational methods to applica-
tions such as quantum chemistry and quantum simula-
tion allowing a greater level of understanding of nature.
However, quantum processors are yet to achieve this vast
potential, and this is especially true for the most attrac-
tive of computing architectures – solid state and near
ambient conditions.
Spins of negatively-charged nitrogen-vacancy (NV−)
defects in diamond are amongst the leading solid-state
quantum bits (qubits) operating under ambient condi-
tions. The NV− defect consists of a substitutional nitro-
gen atom and an adjacent vacancy in the diamond lat-
tice. An additional captured electron gives the defect a
negative overall charge, resulting in a bright, single pho-
ton emitter with zero phonon line at 637 nm [1]. The
|ms = 0〉 and |ms = ±1〉 sublevels of the ground-state
spin triplet (S = 1) are separated by ∼2.87 GHz due to
spin-spin interaction [2]. The ground states can be op-
tically initialized, manipulated, and then readout [3, 4].
In complement to these characteristics is an extraordinar-
ily long spin coherence time, over a millisecond at room
temperature (RT) [5–7].
For quantum technology applications such as quantum
information processing, the challenge remains to create
series of coupled NV− centers which may form the pro-
cessor of the quantum computer. One avenue to creating
scalable quantum registers involves fabrication of an ar-
ray of NV− centers with nanometer separations. In this
scheme, adjacent NV− centers are coupled by magnetic
dipole interaction, which scales as the inverse cube of sep-
aration distance [8]. In addition to strong dipolar cou-
pling among single NV− spins, long spin coherence times
are essential, with the preferred route to building such
a qubit network being position controlled ion implanta-
tion into pure diamond [8–19]. However obstacles such
as reduced coherence times due to implantation damage
and insufficient spatial accuracy have hindered results.
To date, dipolar coupling [8] and entanglement [19] be-
tween two NV− qubits has been shown, but the short
coherence times, below or on the order of the coupling
rate limited the fidelity of two qubit gates. A further
limitation has been the extremely low yield (∼ 0.1%) of
generating NV− pairs [10, 16].
Imperfect conversion of implanted nitrogen to NV− is
a crucial obstacle to achieving multi-qubit systems since
the probability to create a pair of NVs goes as the square
of the creation efficiency, while for three and four qubit
arrays the scaling is the yield cubed and to the power
of four respectively, meaning achievement of high yields
is especially important. Nevertheless, the reliable gen-
eration of two coupled NV− centers would be signifi-
cant progress, since two strongly coupled NV− qubits,
together with their intrinsic nuclear spins would, for ex-
ample allow quantum error correction protocols, high res-
olution gradient magnetometry [20], or entanglement as-
sisted magnetometry to be performed in the solid state.
Here we obtain a 4% yield of pairs, a substantial im-
provement on previous results. We also report the first
observation of a strongly coupled 15NV− pair, with a cou-
pling strength, J , exceeding the inhomogenous linewidth
(1/T ∗2 ) by more than a factor of five. The product of the
coherence time (T2) and the coupling rate can be used to
give a measure of gate fidelity. By comparing the factor
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FIG. 1. Simulation of spatial distribution for 15N ions
and vacancies. (a) Simulated depth distribution of im-
planted 15N atoms with 10 keV energy (solid circles), Gaus-
sian fit (solid line), distribution of vacancies arising from 15N
implantation (dashed line), and distribution of vacancies from
20 keV 12C co-implantation (dot-dashed line). (b) Simu-
lated probability distribution of distance between two 15N
atoms arising from the same N2 implanted molecule (solid
circles), and the resultant dipolar coupling between two NV−
centers with this separation (solid line). Note that we av-
eraged the angular component in the dipolar coupling of
νdip =
3
2
Ddip|3 cos2 θ − 1| where θ is the angle between the
vector r connecting two dipoles and the magnetic field, and
the dipolar coupling constant Ddip ∼ 5.2×10−23/r3 kHz. (c)
Calculated fidelity of exp[−( 1
νdipT2
)2] for a two-qubit entan-
glement with various coherence times T2.
that we obtain (T2 × J = 36), to other architectures, we
find it is comparable to ion traps (T2 × J ≈ 34)[21, 22]
and superior to superconducting qubits (T2×J ≈ 10)[23],
placing this coupled quantum system amongst the lead-
ing in any architecture.
The sample used in this study was a high-purity (ni-
trogen concentration < 1 ppb) and isotopically-purified
(12C-99.998%) homoepitaxial (100) diamond film grown
by microwave plasma-assisted chemical vapor deposi-
tion [24]. Ionised nitrogen molecules, 15N+2 , were im-
planted into the diamond with an acceleration voltage
of 20 keV. Afterwards 12C+ ions with 20 keV energy
were co-implanted into one half of the 15N2 implant
region. The ion fluences were 2.5×107 15N+2 /cm2 and
1.4×1011 12C+/cm2, respectively. The simulated distri-
bution of implanted ions and vacancies as computed by
SRIM code (Stopping and Range of Ions in Matter/ver.
2008 [25]) is shown in Figure 1(a). The average depth
of individual 15N ions with 10 keV acceleration volt-
age (20 keV per molecule) is calculated as 15 nm. The
vacancy distribution due to 12C implantation peaks at
∼25 nm, but contributes approximately 2,000 times more
vacancies than the 15N2 implantation (dashed line) over
the stopping range of the nitrogen ions. This allows NV−
formation with a high yield [12] and the conversion of
15N2 ions to
15NV-15NV pairs with an increased proba-
bility when compared to previous studies at similar ener-
gies. Previous methods to achieve coupling between two
NV− centers involved using focused beams [8] or pinhole
apertures [19]. Here, molecular 15N+2 implantation was
used as an ultimate point source [10], where the distance
between two N atoms from the same molecule is deter-
mined only by the ion straggling length. The in-depth
15N ion straggling as shown in Figure 1(a) has a width
(2σ) of 11.1 nm, and the in-plane straggle has a calcu-
lated width of 8.9 nm (data not shown), where σ is the
standard deviation of the Gaussian fit. However we note
that channeling of implanted nitrogen has not been taken
into account may lead to increased separations. From
this, the probability distribution for the spatial separa-
tion of two N atoms (Figure 1(b) solid circles) and the
corresponding dipolar coupling for an NV− pair (black
line) can be estimated. For a perfect NV− creation ef-
ficiency this gives a 41% probability to produce a pair
with separation less than 11 nm and greater than 59 kHz
coupling strength from each implanted 15N+2 molecule.
Figure 1(c) shows the calculated fidelity for a two-qubit
entanglement with various coherence times, T2. For co-
herence times of 100 µs or more, a fidelity above 97% can
be obtained with this coupling strength (59 kHz).
To form NV configurations, the implanted sample was
annealed at 1000◦C for 2 hours in vacuum. The resultant
NV centers were measured using a home-built confocal
microscope [26] and the spin properties were observed
through optically detected magnetic resonance (ODMR)
spectroscopy [11]. Observation of either the implanted
15N hyperfine structure (with nuclear spin, I = 1/2) or
native 14N (I=1, natural abundance 99.63%) by ODMR
spectroscopy allowed determination of whether the in-
vestigated NV− centers were due to implantation or pre-
existing impurities in the substrate [11].
A confocal image of the co-implanted region is shown
in Figure 2(a). ODMR spectroscopy revealed that 100
15NV− centers, five 15NV−-15NV− pairs, and 10 14NV−
centers were created in a 25×25 µm2 co-implanted area,
from ∼156 implanted N2 molecules. As ODMR spec-
troscopy is unable to resolve NV− pairs with the same
orientation, and this is expected to occur in one quarter
of pairs (due to the NV− C3v symmetry), the number of
pairs will be underestimated by a factor of 0.25. There-
fore we estimate the 15NV− pair creation efficiency per
implanted molecule as 4±2% (6/156 ≈ 0.04). Counting
the total number of observed 15NV− centers and divid-
ing by the number of implanted ions in the 25×25 µm2
area gives a creation efficiency of 36±9%. Comparison
to a previous study of 60 keV 15N+2 and 40 keV
12C im-
plantation with a 33% creation yield, gives good agree-
ment to the 36±9% obtained in this study [12]. In order
to demonstrate the efficacy of co-implantation for cre-
ating NV− centers, a confocal map of the N2-only im-
planted region was also performed (see Figure 2(b)). In
314NV 15NV 15NV-15NV (a) co-implanted region
15NV 15NV-15NV (b) only N2 implanted region
5 μm
5 μm
京
FIG. 2. (Color online) Confocal microscopy of NV− cen-
ters. (a) A fluorescence confocal image of the co-implanted
(15N2 and
12C implanted) region with an area of 25×25 µm2
(left). Bright yellow dots correspond to NV centers. The co-
ordinate mapping of ODMR identified 14NV− (cross), 15NV−
(solid circle), and 15NV−-15NV− pairs (open circle) is shown
in the right figure. (b) A fluorescence confocal image of the
15N2-only implanted region with an area of 25×25 µm2 (left)
and the coordinate mapping (right) showing 15NV− (solid cir-
cle) and an 15NV−-15NV− pair (open circle).
this 25×25 µm2 area, 62 single 15NV− centers and a lone
15NV−-15NV− pair were produced, giving a creation effi-
ciency of 20±7%. We find that co-implantation approxi-
mately doubles the NV− creation efficiency and improves
NV− pair production by a factor of four when compared
to N2-only implantation (see also Ref. 12).
Now we turn our attention to a particular coupled
15NV− pair shown schematically in Figure 3(a). Hahn
echo was performed on each NV− [10] and the decay
curves were fitted by E(2τ) ∝ exp[−(2τ/T2)α] where α is
a free parameter (Figure 3(b)). The long coherence times
of 0.63±0.10 and 0.65±0.10 ms are, to the best of our
knowledge, a record for shallow implanted NV− centers,
a significant improvement on the 0.35 ms recorded for
14 keV-14N2 implantation into 1.1%
13C diamond [10],
and 0.15 and 0.5 ms for a coupled pair by 1 MeV-15N
implantation into 0.01% 13C diamond [19]. The expo-
nent of the Hahn echo decay is related to the fluctuation
regime of magnetic noise in the environment [27]. An
exponent close to unity as observed here (α = 1.14 and
1.31), indicates that fast noise from electron spins on sur-
face or residuals surrounding the NV− is a major source
of decoherence. Thus, there may be room to improve
the coherence times by overgrowth on the ion implanted
surface in order to remove surface noise [28]. We also
note that a Gaussian or quartic exponent is beneficial for
performing high fidelity operations as opposed to expo-
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FIG. 3. (Color online) Dipolar coupling of a 15NV− pair
measured by DEER. (a) Illustration of NV pair creation by
N+2 molecular ion implantation. (b) Measured spin echo data
for the 15NV− pair are fit with E(2τ) = a+ b exp[−(2τ/T2)α]
showing long T2,HE times of 0.65 ms (α = 1.14) and 0.63 ms
(α = 1.31). (c) DEER pulse sequence with NVJ as sensor and
NVK as emitter. (d) ODMR spectrum of the investigated NV
pair shows the selective addressability of the two 15NV− cen-
ters due to their different axis orientation, where a magnetic
field of ∼ 34 G parallel to NVJ axis. (e) The resulting echo
modulation on NVJ shows a coupling strength of 55 kHz.
nential decay observed for ion trap qubits encoded in the
metastable state.
The truncated spin Hamiltonian of an NV− center (SJ)
coupled to another NV− center (SK) with gyromagnetic
ratio γe can be written as Hˆ/h = DSˆ
2
J+γeSˆJ
~Bz+SˆJAˆIˆJ+
νdipSˆJSˆK where the first term describes the zero field
splitting (D = 2.87 GHz), the second term describes Zee-
man splitting in an applied field ~Bz, the third term is the
hyperfine coupling (A = 3.1 MHz for 15N), and the last
term is the magnetic dipolar coupling between spins with
coupling frequency νdip. To investigate the magnetic cou-
pling between the pair, we employed a double electron-
electron resonance (DEER) technique (Figure 3(c)). We
note that this technique is possible due to the different
orientation of the two NV centers in an applied magnetic
field, allowing them to be independently addressed by
microwaves (Figure 3(d)). As can be seen in Figure 3(e),
periodic modulation with a dipolar coupling frequency of
νdip = 55 kHz between the NV pair occurs. The low de-
coherence over the timescale of this coupling as observed
by the prolonged contrast of the modulations should al-
low high fidelity entanglement between the qubits. From
the magnetic coupling strength and the coherence time,
we obtain a maximum expected fidelity for 2-qubit en-
tanglement in excess of 99.9%, in good comparison to
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FIG. 4. Ramsey measurements on a coupled 15NV−
pair and third dark spin. (a) Hyperfine spin transitions
between ms = 0,−1 states for NVJ. A magnetic field of
∼ 46 G was applied parallel to NVJ. The detuning frequency
(ν0) used for the pi/2 pulses in the Ramsey sequence is indi-
cated by the arrow. (b) The alternating Ramsey sequence.
Two different ground states, GSemitter, of |0〉 and | − 1〉 are
prepared without and with a pi pulse on the emitter spin,
respectively. (c) Experimental data of the Ramsey pulse se-
quence, showing a T ∗2 for NVJ of 100 µs. A vertical offset for
the data with (black) and without (gray) the pi pulse on the
emitter spin was added for pictorial clarity. (d) The FFT of
the obtained Ramsey data, showing a shift of 55 kHz for the
two different states of the emitter NV and also an additional
splitting from the expected frequencies (dot-dashed lines) of
172 kHz.
the best experimental results with ion qubits [21].
Coupling between the 15NV− pair was also investi-
gated by Ramsey spectroscopy. The microwave frequency
ν0 was slightly detuned from a hyperfine transition of the
sensor spin, NVJ (see Figure 4(a)), and two pi/2 pulses
separated by a delay of τ were applied. This sequence
was interleaved with another identical sequence differ-
ing only by the application of a pi pulse on the emit-
ter spin, NVK at the beginning of the sequence (Fig-
ure 4(b)). Ramsey spectroscopy also yields an oscillat-
ing output (Figure 4(c)), where now the oscillation fre-
quencies are simply the detuning of the pi/2 pulses from
the natural frequencies of the system. The pi pulse on
the emitter spin shifts these frequencies by the coupling
strength, which can be directly observed by comparing
the Fast Fourier transform (FFT) power spectrum of the
measured Ramsey fringes, with and without the selec-
tive pi pulse, giving a value of 55±1 kHz for the coupling
strength (Figure 4(d)). Interestingly, we also observe an-
other pair of frequencies in the power spectrum, where
each hyperfine transition is split by 172±1 kHz. One
may attribute this to electric interaction on the sensor
spin, occurring when photoionization of the emitter spin
switches its charge state between NV− and NV0. How-
ever calculations based on the electric field sensitivity of
NV− to a single electric charge gives a maximal expected
separation of approximately 2 nm, much less than that
obtained through the magnetic coupling. In addition,
the pi pulse on the emitter spin, is conditional on the
NV being in a negative charge state, therefore we would
not expect a 55 kHz shift when the emitter is in the
NV0 charge state. Instead we attribute the additional
splitting as being due to magnetic coupling with a third
dark spin, situated between NVJ and NVK, providing a
strongly coupled three spin register. By changing the
Ramsey sequence to now use NVK to sense the magnetic
field emitted by NVJ, we again observe a frequency shift
of 53±3 kHz due to the magnetic dipolar coupling and
an additional splitting of 330±2 kHz (data not shown),
showing that the dark spin is coupled more strongly to
NVK.
Finally, by integrating over remnant peaks in the FFT
spectrum, the Ramsey experiment also allows us to probe
the initialization and pulse fidelity of the NV pair. The
gray dashed curve in Figure 4(d), has no secondary peaks
55 kHz from the main peaks, indicating almost perfect
spin initialization, whereas the black solid curve (after
application of a pi pulse on NVK) displays secondary
peaks at 55 kHz with 30-35% the intensity of the main
peaks, indicating the spin manipulation is imperfect,
with a fidelity of 65-70%. Performing the same analy-
sis on the data with NVK as sensor and NVJ as emitter,
yielded almost perfect spin initialization and manipula-
tion with more than 90% fidelity.
In summary, engineered NV qubits were introduced
into a spin free lattice of 13C-depleted diamond by co-
implantation of low energy nitrogen molecules and 12C+
ions, and high temperature annealing. An improved
15NV− creation efficiency of ∼36% for single centers,
and 4% for pairs was demonstrated, of which half are
expected to have a coupling strength exceeding 45 kHz.
We reported on the creation of one such 15NV− pair with
a magnetic dipolar coupling of 55 kHz, and spin coher-
ence time of more than 0.6 ms. A further coupling of 172
and 330 kHz between the pair and a third dark spin was
observed. Using low energy molecular 15N+2 implantation
as a nearly ideal point source, we have thus demonstrated
an efficacious route to achieving two NV qubit systems
with long coherence times. The improved creation of
NV− centers shown here is an important step towards
the scalability of quantum registers created by implant-
ing N3 and N4 molecules [29] and can also be applied to
phosphorus in silicon architectures [30].
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